An efficient enantioselective formal synthesis of (−)-swainsonine has been achieved in 14 steps with 14% global yield using an enantioselective ring enlargement of a substituted prolinol and a ring-closing metathesis as the key steps.
Introduction
The (1S,2R,8R,8aR)-1,2,8-trihydroxyindolizidine, (−)-swainsonine ( Figure 1 ) belongs to the indolizidine class of alkaloid natural products. This compound has attracted the attention of synthetic chemists due to its interesting structure and potent biological properties. (−)-Swainsonine has been first isolated from the fungus Rhizoctonia leguminicola in 1973, 1 and has been later isolated from other plants 2 and fungus. 3 (−)-Swainsonine has been the subject of many biological investigations and was found to be an effective inhibitor of both lysosomal α-mannosidase 4 and mannosidase II. 5 It has also demonstrated anticancer, 6 anti-tumor proliferative 7 and immunoregulating activity. 8 Since the first total syntheses in 1984, [9] [10] [11] [12] there have been over 35 syntheses. 13, 14 In most of them, the starting material is a carbohydrate, which allows the introduction of the asymmetry and the control of the four asymmetric centers. By using D-erythrose, (−)-swainsonine could be synthesized in 8 steps, which is, to the best of our knowledge, the shortest synthesis up to now. 15 A multigram scale synthesis in 10 steps from inexpensive D-ribose was also described recently. Except in the synthesis of swainsonine analogues, α-amino acids or derivatives have not been used to synthesize (−)−swainsonine. Here, we would like to report a formal synthesis of (−)−swainsonine starting from L-proline. The two key steps are an enantioselective ring enlargement of a substituted prolinol into a 3-hydroxypiperidine 17 and a ring-closing metathesis. 18 The synthesis of (−)−swainsonine was envisaged from the unsaturated bicyclic amino compound A, which would be synthesized by ring-closing metathesis applied to the amino diene B. This latter compound would be obtained by applying an enantioselective ring expansion to prolinol C, which will be synthesized by a diastereoselective addition of an organometallic species on prolinal D. This latter compound would be obtained from L-proline (Scheme 1). 
Results and Discussion
The synthesis of (−)−swainsonine started from L-proline, which was transformed in five steps into prolinol 4. 19 After esterification (SOCl 2 , MeOH) and N-alkylation by using trityl chloride, amino ester 1 was isolated in 90% yield. This latter compound was converted into prolinol 2 in 98% yield by reduction using LiAlH 4 19 In order to build up the 5-membered ring of (−)−swainsonine by using a ring-closing metathesis, the N-trityl group in prolinol 4 was removed (HCl, Et 2 O) and replaced by a N-allyl group (Allyl-Br, K 2 CO 3 , toluene) to produce the substituted prolinol 5 (50% yield), which is the precursor of the 3-hydroxypiperidine 6. In agreement with previous results on the ring expansion of substituted prolinols, 21 the enantioselective ring enlargement of prolinol 5 to piperidine 6 was performed by using trifluoroacetic anhydride (TFAA), Et 3 N in THF and then NaOH. Under these conditions, 3-hydroxypiperidine 6 was isolated in 95% yield with a diastereomeric excess superior to 95%. After protection of the hydroxyl group in compound 6 (TBDMSCl, Et 3 N, DMAP, CH 2 Cl 2 ), piperidine 7 was isolated in 70% yield. As ruthenium catalysts are deactivated by amino groups, piperidine 7 was transformed to the ammonium salt 7' by treatment with camphorsulfonic acid (CSA) and then treated with commercially available Grubbs catalyst first generation 22 (5 mol. %) in refluxing CH 2 Cl 2 and, after 6h, the reaction mixture was treated with K 2 CO 3 to afford unsaturated bicyclic compound 8 in 82% yield (Scheme 2). The spectroscopic data of this latter compound are in agreement with those previously reported in the literature. 23 This approach constitutes a formal synthesis of (−)−swainsonine in 14 steps as the transformation of compound 8 into (−)−swainsonine was described in 4 steps in the literature.
23b
In conclusion, we have developed a short synthesis of (−)−swainsonine in 14% overall yield from L-proline by using a highly diastereoselective addition of vinyl Grignard reagent on N-tritylprolinal, an enantioselective ring expansion of a substituted prolinol into a 3-hydroxypiperidine to build up the 6-membered ring and a final ring-closing metathesis to construct the 5-membered ring. Further applications of this approach to swainsonine analogues and biological testing are ongoing. Experimental Section General Procedures. Commercially available reagents and solvents were used as received. Anhydrous solvents were distilled. Tetrahydrofuran and diethyl ether were purified by distillation from sodium and benzophenone, methylene chloride was dried by distillation from CaH 2 . TLC was performed on Merck 60F 254 silica gel plates and visualized either with a UV lamp (254 nm), or by using a solution of KMnO 4 /K 2 CO 3 /NaOH in water followed by heating. Toluene (150 mL) was added to the aqueous phase, the mixture was cooled down to 0 °C, and K 2 CO 3 (26 g), then tetrabutylammonium bromide (0.93 g, 2.9 mmol, 0.2 equiv) and allyl bromide (3.75 mL, 43.3 mmol, 3.0 equiv) were added to the reaction mixture. After 24 h of vigorous stirring at RT, the two phases were separated. The aqueous phase was extracted twice with ethyl acetate (2×50 mL). The organic phases were dried over Na 2 SO 4 
(2S,3R)-1-Allyl-2-vinylpiperidin-3-ol (6).
Trifluoroacetic anhydride (1.5 mL, 10.6 mmol, 1.5 equiv.) was added dropwise to a solution of prolinol 5 (1.2 g, 7.1 mmol, 1.0 equiv) in THF (60 mL) at 0 °C. After 1 h, Et 3 N (3.0 mL, 21.2 mmol, 3.0 equiv) was added dropwise, and the reaction mixture was stirred for 20 min at 0 °C and then heated to reflux for 15 h. After addition of NaOH (2.5 M aqueous solution, 15 mL), the mixture was stirred for 2 h at RT and then extracted with EtOAc (3×30 mL), dried over Na 2 SO 4 , and evaporated to dryness in vacuo. The residue was purified by flash column chromatography on silica gel (cyclohexane/EtOAc: 80/20) to give piperidine 6 (1.1 g, 6.7 mmol, 95% yield) as a yellow oil. 1 To a solution of piperidine 7 (79 mg, 0.28 mmol, 1.0 equiv) in CH 2 Cl 2 (10 mL) at 0 °C, (+)-camphorsulfonic acid (72 mg, 0.31 mmol, 1.1 equiv) was added. After 10 min at 0 °C, the cooling bath was removed and Grubbs catalyst first generation was added by portions (3×8 mg, 0.035 mmol, 12.5 mol. %), each addition was followed by 2 h reflux. The reaction mixture was then treated with K 2 CO 3 and filtered. The solvent was removed in vacuo. The crude oil was purified by flash column chromatography on silica gel (chloroform/MeOH: 90/10) to give 8 (58 mg, 0.23 mmol, 82% yield) as a yellow oil. 1 [α] D 20 = − 88.9 (c 0.70, C 6 H 6 ).
